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5 Claims. (Cl. 317-1555) 

This invention relates generally to direct-current elec 
tromagnetic devices, and has particular reference to de 
vices of the type in which the movements of an armature 
or other element are controlled, at least in part, by the 
current ?owing through a coil or winding. 
An example of such a device is a direct-current sole 

noid, in which the energizing and de-energizing of a coil 
controls the movement, in an axial direction, of a core 
or armature concentrically mounted within the winding. 
Although some of the features of the invention will 
be described in relation to. such an electromagnetic de 
vice, it will be understood that the basic nature and pur 
pose of the invention have a wider applicability. 
The force exerted by an electromagnetic device upon 

its armature is directly proportional to the square of the 
magnetic ?ux density. Obviously this force becomes 
greater as the air gap decreases to zero. In fact, after 

.the armature has reached its seated position (air gap 
zero) the force is much greater than necessary to main 
tain the armature in its seated condition. Therefore it 
is desirable to control the operation in such a way that 
there is temporarily increased flux at the time of energiza 
tion, while the flux at other times is maintained at a sub 
stantially reduced value. Flux varies with the ampere 
turns, hence several methods have heretofore been em 
ployed to reduce the ampere-turns value (by series re 
sistance or tapped windings) after the armature has com 
pleted its stroke. These expedients have not been en 
tirely satisfactory. 

It is an object of this invention to provide an improved, 
more efficient, more reliable electric circuit for controlling 
the operation of such a device. More particularly, the 
invention provides a novel and thoroughly practicable 
means for automatically increasing the magnetic pulling 
power of the winding of the device when it is most needed, 
viz., when the movement of the armature is to be initiated, 
and for automatically reducing the pulling power when 
it is no longer needed nor desirable, viz., after the arma 
ture has completed its stroke. Stated otherwise, the 
energy, consumed during activation of the device is tem 
porarily increased beyond the normal value thereafter re 
quired. Thus, the following advantages are achieved 
with the present circuit: . 

(1) Unnecessary power consumption by the winding 
of the device after seating of the armature is prevented; 

(2) The usual thermal rise in the device is minimized 
due to the reduction in power consumption; 

(3) The work capacity of a solenoid of given physical 
size is enlarged, or. put another way, for a speci?ed 
amount of work a solenoid of reduced size and weight 
can be used. , 

Other advantages in addition to the above are also 
achieved. Where an arrangement of prior art is em 
ployed, the reduction in ampere turns will occur at an 
air gap greater than zero. However, when the present 
circuit is employed, since ampere turns are reduced after 
the armature has seated a greater reduction in ampere 
turns is possible. This will reduce the heating of the 
winding and will extend the repetitive rate of operation 
of the solenoid. 

In addition, characteristic of a direct current solenoid 
is the fact that the fewer the number of turns in the wind 
ing, the more rapidly the armature operates since with 
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fewer turns the current and thereby the ?ux builds up 
more rapidly. When the present circuit is employed, the 
solenoid need have fewer turns than usual since it is re 
quired to carry only a reduced current when the armature 
is seated. Thus the operating time of the solenoid is 
substantially reduced. 
The present invention presents a further advantage over 

prior art due to the “fail-safe” arrangement of the cir 
cuit. The current limiting resistance in this circuit is 
always in series with the Winding of the solenoid except 
for the short interval of current build-up in the winding. 
Hence even at full line voltage, if the armature is re 
strained from motion, the winding cannot overheat. 

It is a further object of the invention to provide a cir 
cuit including a signal adapted to be energized whenever 
the moving armature comes to rest. . 
One of the simplest ways to reduce current consump 

tion during holding periods, and momentarily to increase 
it only during the short periods in which armature move 
ment is initiated, is to arrange a resistance in series with 
the main winding of the device, and to bypass it when full 
voltage is to be made effective. Circuits heretofore pro 
posed control the establishment of the short-circuiting by 
pass by a switch actuated by the movable armature of the 
electromagnetic device. Such circuits have serious short 
comings, since they are susceptible to overheating and 
possibly costly burn-out under adverse conditions. In 
such a system, for example, the “break” distance of the 
switch contacts may necessitate introduction of the re 
sistance prior to completion of core movement, i.e., at 
some point undesirably short of its fully seated position; 
or the mechanical nature of the device may not permit 
the most desirable positioning of the switch contacts. In 
either case, the premature introduction of the resistance 
decreases the current before the stroke has been com 
pleted, often inducing a sustained vibration or stutter 
of the core movement, especially at lower applied volt~ 
ages. Should the ?uttering come to a stop with the switch 
contacts in a position excluding the resistance from the 
circuit, a dangerous overheating may occur. 

These and other shortcomings of such arrangements 
are overcome by the present invention, which is pre 
dicated upon a theoretical as well as a practical study 
of the complex electromagnetic phenomena involved 
in passing direct current through a winding whose electro 
magnetic properties are altered, from moment to mo 
ment, by the movement of an armature in magnetically 
coupled relation to it. 
A feature of the invention resides in the provision 

of a circuit which allows maximum current flow during 
energization and advantageously automatically reduces it 
under the following conditions: 

(a) If the armature completes its full stroke, the cur 
rent ?ow is reduced only at a time that is de?nitely sub 
sequent to armature seating; 

(b) Whenever the armature comes to rest, in the event 
that it is prevented from completing its stroke; and 

(c) In any case, without reliance upon mechanical 
actuation of switch contacts or other apparatus by the 
armature itself. 

In accordance with this invention, the attainment of 
the desired results involves the provision of a special auxil 
iary circuit for cutting in, or by-passing, a resistance in 
series with the main winding. The auxiliary circuit in 
cludes a switch, or a transistor or other device serving an 
equivalent function, and a control winding inductively 
coupled with the main winding of the electromagnetic de 
vice. The switch is designed and arranged to be respon 
sive to current ?owing in one direction in the control 
winding. Thus, whenever there is a changing ?ux in the 
environment of the main winding there is an induced 
switch-controlling voltage in the control winding, and 
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Whenever the ?ux of the main winding stops changing, 
the eiiective current in the control winding stops also. 
The functioning of the circuit does not rely in any way 
upon the kinetic energy of the movable armature itself. 

Several embodiments of the invention, whereby the 
objectives and advantages of the invention may be 
achieved, are illustrated by way of example in the accom~ 
panying drawings, in which? 

FIGS. 1-4 are explanatory graphs depicting certain 
transient current changes to be referred to hereinafter; 

FIG. 5 is a similar graph depicting certain induced volt 
age changes; 

FIG. 6 is a schematic diagram of an electromagnetic 
device provided with the improved control circuit,'the 
movable armature being omitted; 

FIG. 7 is a diagram similar to FIG. 6, illustrating a 
modi?ed arrangement; and 

FIG. 8 is a diagram similar to FIG. 6 including a sig 
nal device for indicating when the movable armature 
comes to rest. I 

Referring ?rst to FIGS. 1-3, it should be noted at the 
outset that the transient direct-current flow in an induc 
tive load, when a selected direct-current voltage is ape 
plied to it, follows an exponential rise expressed by the 
equation ' 

(1) 1: 

Where I is the current, E the voltage, R the resistance, 
L the inductance, t the elapsed time, and e the base of 
the Napierian system of logarithms. The rise of'currcnt 
may be represented by the curve shown in FIG. 1, from 
which it will be observed that, as expected, the current 
approaches E/ R asymptotically. 
During the rise in the'current value the current flow 

ing at any instant is not determined solely by the applied 
' voltage V, as in a purely resistive circuit, but by the ap 
plied voltage less the induced voltage opposing it. It 
can be shown that the induced voltage follows a falling 
exponential curve according to the equation 

‘ R 
f __t 

(2) E(inducecl)=Ee 'L _ 

This discussion presupposes that the inductive load 
remains unaffected by movements of an element magnet~ 
ically coupled to it, i.e., its reluctance remains constant. 
If the reluctance changes, as it does if the lines of flux 
are cut by such a moving element and if the moving ele 
ment is part of the ?ux path and reduces an air gap as 
it moves, the transient current ?ow deviates from that of ' 
FIG. 1.' The reluctance decreases with decrease in length 
of the air gap in advance of the moving element, and as 
a result the ?ux'rises'at an increasing rate, thus progres 
sively increasing the induced voltage opposing the change. 
This progressively reduces the current ?ow, and as a re 
sult the curve appears as in FIG. 2. It will be noted that 
the current starts to decrease its rate of growth when the 
core or armature or other moving element starts to move. 
This phenomenon continues to a degree at which the 
absolute current value suffers a decrease, and ends only 
when the armature has come to rest. During the period of 
current decrease, the flux nevertheless continues to rise 
because of the progressively decreasing air gap. 

After the armature has stopped moving, the current 
level rises again, responding to the static-condition Equa 
tion 1, as indicated in FIG. 3. > 
By means of the improved control circuit, unreliable 

mechanical operations are dispensed with, and a means 
is provided whereby the desired resistance is reliably in 
troduced into the circuit of the main winding after the 
core or armature of the electromagnetic device has com 
pleted its contemplated stroke and has come to a halt in 
its fully seated end position. The achievement of this 
result is based upon a recognition of the fact that there is 
a continuing ?ux change from the moment the activating 

20 

25 

30 

35 

40 

so 

4 
voltage is applied, throughout the entire period of move 
ment of the armature or other element, and for an ap 
preciable time interval thereafter (the interval indicated 
at “A” in FIG. 3). By harnessing this changing ?ux to 
a switch controlling ‘function, such as by means of a relay, 
the desired resistance can be caused to be automatically 
introduced at a time reliably subsequent to a full comple 
tion of the desired movement of the armature. More par 
ticularly, it is the cessation of the ?ux change, or more 
correctly the reduction of the flux change below the mini 
mum required to hold in the relay, which is caused to ac 
tuate a switch to introduce the desired current-limiting 
resistance, and this has the added advantage that the cur 
rent is automatically cut in the event that the'core is 
obstructed or is for some other reason prevented from 
completing its stroke. 

In the embodiment of the invention depicted in FIG. 
6, the main winding of the electromagnetic device is in 
dicated at 10. It is magnetically coupled in known fash 
ion with a movable armature or element (not shown) 
which forms part of the flux path and moves from one 
position to another under the magnetic in?uence of the 
winding 10 when operating voltage is applied. In series 
with the winding it) is a resistance 11 and a source of dié 
rect-current voltage 12. A shunt or by-pass 13 is ar 
ranged across the resistance 11, and it includes a switch 14 
comprising relatively movable contacts 15. In the ar 
rangement chosen for illustration, when the contacts 15 
come together the resistance 11 is short-circuited. This 
is the condition which exists during energization of the 
device, whereby maximum available current flows through _ 
the main winding 10. When the contacts 15 open, the re-. 
sistance is introduced in series with the winding 16 and 
cuts the current ?ow. This is the condition which exists 
(a) when the movable element or" the device has reached 
its rest position after full completion of its stroke, and 
also (b) whenever the movable element of the device has 
come to a stop somewhere short of the desired full-stroke 
movement. . 

In FIG. 6 the switch 14 is actuated by a relay, i.e., the 
contacts 15 are in?uenced by the energizing of a relay 
coil 16. This coil is in series with a control winding 17 
arranged in inductively coupled relationto the main wind 
ing 10. To limit the effectiveness of the winding 17 to, 
current ?owing only in one direction a recti?er 13 is inter: 
posed in the circuit of winding 17 and relay coil 16. 
The operation is as follows: 
Upon application of voltage at 12, current rises in wind 

ing It} in accordance with the curve shown in FIG. 3. 
Voltage induced in the control winding 17 follows a re 
verse curve as shown in FIG. 5. The relay coil 16 is-so 
designed, and suitably polarized, that it will “pick up,” 
i.e., it will close contacts 15, at all voltages above the 
value depicted by the line 1? in FIG. 5. Therefore the 
resistance 11 is by-passed during the entire period of 
movement of the armature which is magnetically drawn 
by the winding 10,. and for an appreciable period there 
after. As hereinbefore explained, such movement comes 
to an end at the time indicated at “S.” . The relay coil. 16 
is vdesigned to .“drop out,” i.e., release and re-open con 
tacts 15, and thus restore the resistance 11 into series with . 
the winding 10, at any suitable low voltage below the 
value 19, as for example at the voltage indicated at 20. 
Upon drop-out, a reverse voltage may be momentarily 
induced in the controlwinding 17, but the rectifier valve 
18 prevents the resultant current from causing undesired 
reactivation of relay coil 16. Q 
The effect of this operation upon the current ?owing 

in the main winding 10 is depicted in FIG. 4. When the 
relay 16 drops out and the resistance 11 becomes effective 
the magnitude of the current in winding l?drops exponen 
tially to the reduced value “C” and remains at that value 
during the continued functioning of the electromagnetic 
device in its energized condition. ‘ ‘ 

In the embodiment of the invention shown in FIG. 7', 
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the main winding 10, resistance 11, voltage source 12, and 
inductively coupled control winding 17 are the same as 
in FIG. 6. The operation is in this case essentially the 
same, except that the switching device 22 that controls the 
by-passing of the resistance 11 is a transistor rather than 
a relay-controlled switch. The collector 23 and the emit 
ter 24 lead in known fashion to the base 25. The base 
circuit performs somewhat the same function as the relay 
coil 16 of FIG. 5, and the collector circuit is functionally 
similar to the contacts 15 of FIG. 6. A limiting resistor 
26 is arranged in series with the transistor base 25, and 
a bias resistor 27 is preferably interposed as shown. Of 
course, polarity between the transistor 22 and the wind 
ings 10 and 17, and the polarity of the applied voltage, 
must be such as to assure correct operation which is as 
follows: 
The induced voltage in winding 17, as before, follows 

the curve shown in FIG. 5. The design of the transistor 
is such that at all voltages above, say, line 20 (the “drop 
out” voltage in the relay arrangement of FIG. 6) the base 
current is in excess of that which is necessary to saturate 
the transistor. Hence, at these voltages (during which 
the movable element of the electromagnet device com~ 
pletes its full stroke and de?nitely comes to rest) the cur 
rent path from the emitter 24 to the collector 23 is a short 
circuit which cuts out the resistance 11. Thus full voltage 
is applied to the main winding 10. Thereafter, when the 
voltage falls below the value 20, the transistor emitter-to 
collector resistance increases suf?ciently to compel current 
to ?ow through the resistance 11, as a result of which the 
current in the main winding 10 is automatically decreased 
as planned. The momentary reversal of the voltage in 
duced in the control winding 17 at this time biases the 
transistor so that the collector circuit is eifectively an open 
circuit and thus does not reestablish any short-circuiting 
of the resistance 11. 

In each case, i.e., whether the switching means is a 
relay coil or a transistor, the desirable reduction of cur 
rent as indicated at “C” in FIG. 4 occurs also in the event 
that the armature or other movable element fails to com 
plete its movement. There is never any stutter or sus 
tained vibration due to a load forcing the armature off 
its seat, because the armature comes to rest at the spot 
at which the force developed by the reduced current “C” 
(i.e., by the reduced ampere-turns value) balances the 
force tending to unseat the element. With the core at 
rest, there is no e?ective voltage induced in the control 
winding of the auxiliary circuit. 

Both systems perform best with a pure direct-current 
source of energizing voltage. However, some ripple can 
be tolerated provided that the secondary (induced) ripple 
in the control winding 17 lies below the “drop-out” value 
of the relay or the bias level of the transistor. If desired, 
ripple effects can be minimized by shunting a small ?lter 
ing capacitor across the winding 17. 
The advantages of the improved control circuit can be 

summarized as follows: 
(1) Even taking into consideration the added space 

required for a secondary winding (17) it is possible to 
subject a device of given size to smaller temperature rises, 
or to employ a smaller device, for a given temperature 
rise. 

(2) Similarly, a device of given size can perform more 
work, or a smaller device can be employed, for a speci?ed 
amount of work. 

(3) All the disadvantages of armature-actuated switch 
ing arrangements are avoided, including an avoidance 
of overheating, ?uttering, and all the shortcomings and 
possible operational unreliability of mechanically actuated 
switches. 

(4) All the bene?ts of reduced holding current, after 
seating of the armature, are retained. 

(5) The maximum rate of operation of D.-C. solenoids 
can be extended substantially. 

10 

15 

25 

30 

55 

00 

70 

6 
(6) Operating response and travel time of solenoid can 

be reduced considerably. 
Referring to FIG. 8, a circuit is shown including a 

signaling device arranged to be energized when the 
solenoid armature comes to rest. The circuit shown 
is identical to the circuit of FIG. 6 with the following 
additions: Another relay coil 30 is provided which when 
energized closes normally-open switches 31 and 31’; 
additional switches 14’ and 14" are provided for actu 
ation by the relay coil 16, switch 14' being normally open 
and switch 14" being normally closed; and a signaling 
device 32 and a main switch 35 are provided. When the 
main switch 35 is closed, the relay coil 16 will be ener 
gized as described above with respect to FIG. 6. As a 
result, switch 14' closes, energizing relay coil 30, and 
switch 14" opens. Upon energization of coil 30, switch 
31 closes completing a self-holding circuit for the coil 
30, and switch 31' closes, but the signal 32 is not energized 
since switch 14" is open. When the armature comes to 
rest thus deenergizing coil 16, switch 14” closes complet 
ing the circuit for energizing the signal 32. Although 
the switch 14' opens at this point, the coil 30 remains 
energized by means of its self-holding circuit. When 
the switch 35 is opened, the coil 30 is deenergized and 
the circuit is reset. 
What is claimed is: 
1. In an electric circuit for controlling the operation 

of an electromagnetic device comprising a main winding 
and an armature forming part of the flux path and 
movable, upon magnetization of the device, from one 
position to another, the reluctance of the flux path be 
ing altered during the course of said movement: A 
source of constant DC. voltage, a resistor connected 
in series with said main winding across said voltage 
source, a control winding inductively coupled with said 
main winding, a current ‘being induced in said control 
winding upon connection of said source to said main wind 
ing, a short-circuiting by-pass for said resistor, and means 
in said by-pass responsive to ?ow of said induced cur 
rent in .said control winding for rendering said by-pass 
conductive thereby short-circuiting said resistor and al 
lowing increased current from said source to flow through 
said main winding, said means being adapted to render 
said by-pass nonconductive after said armature comes to 
rest in order to permit only a reduced current to flow 
from said source through said main winding. 

2. A circuit as de?ned in claim 1, said responsive 
means including a switch having relatively movable con 
tacts actuated by a relay coil, the relay coil being in 
series with said control winding. 

3. A circuit as de?ned in claim 1, said responsive 
means including a transistor having an emitter circuit, 
a collector circuit, and a base circuit, one of said tran 
sistor circuits being in series with said control winding. 

4. A circuit as de?ned in claim 1, including a signal, 
and additional means responsive to current ?ow in said 
control winding for energizing a signal when the arma 
ture comes to rest. 

5. A circuit as de?ned in claim 2, including a recti?er 
in the relay coil circuit to allow energization of the relay 
coil only by current ?ow in one direction. 
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